The biodynamic responses of the seated human body to whole-body vibration vary considerably between people, but the reasons for the variability are not well understood. This study was designed to determine how the physical characteristics of people affect their apparent mass and whether inter-subject variability is influenced by the magnitude of vibration and the support of a seat backrest. The vertical apparent masses of 80 seated adults (41 males and 39 females aged 18 to 65) were measured at frequencies between 0.6 and 20 Hz with four backrest conditions (no backrest, upright rigid backrest, reclined rigid backrest, reclined foam backrest) and with three magnitudes of random vibration (0.5, 1.0 and 1.5 ms -2 r.m.s.). Relationships between subject physical characteristics (age, gender, weight, and anthropometry) and subject apparent mass were investigated with multiple regression models. The strongest predictor of the modulus of the vertical apparent mass at 0.6 Hz, at resonance, and at 12 Hz was bodyweight, with other factors having only a marginal effect. After correction for other variables, the principal resonance frequency was most consistently associated with age and body mass index. As age increased from 18 to 65 years, the resonance frequency increased by up to 1.7
Introduction
The biodynamic responses of the human body influence the vibration transmitted through the seats of vehicles to drivers and passengers [1] . The biodynamic responses have been measured in various experiments and some of the findings have been used to derive idealized mechanical and mathematical models of the human body (e.g. ISO 5982 [2] ). Such models might be used to measure or predict the vibration transmitted to the interface between the human body and the supporting seat surface.
Experimental studies have shown a large variability in the apparent mass of the human body and some studies have suggested reasons for some of the differences. The effect of subject characteristics on the vertical apparent mass of the body has been reported for 60 subjects (24 men, 24 women, and 12 children) sitting upright on a rigid flat seat with no backrest contact and with lower legs vertical [3] . There was a large variation in apparent mass between subjects at low frequencies, but after normalisation (dividing the modulus of the apparent mass by the static mass supported by the seat) the variability was much reduced. Most subjects had a principal resonance near 5 Hz, with the apparent mass at this frequency about 40% greater than the static mass. It was found that the weight of subjects supported on the seat divided by their sitting height was correlated with their resonance frequency, their age was correlated with their normalised apparent mass at 20 Hz, and their total body weight was correlated with their normalised apparent mass at their resonance frequency. There was no statistically significant effect of subject weight on resonance frequency, in contrast to other studies that have claimed the resonance frequency decreases with increasing subject mass (e.g. [4, 5] ).
Variable effects of gender on the apparent mass the body have been reported. Fairley and groups with matched weights, the effects of other characteristics were not controlled, allowing the possibility that apparent effects of gender may have been confounded by the effects of other variables.
When the back is partially supported by a backrest, there is an increase in the resonance frequency of the vertical apparent mass measured at the seat surface [9] and an increase in the apparent mass at frequencies greater than the resonance frequency [6, 9] . The resonance frequency increases when a rigid backrest is reclined [4, 9] but decreases when a foam backrest is reclined [9] .
The resonance frequency in the vertical apparent mass of the body reduces as the magnitude of the vibration excitation increases. This non-linearity has been observed when sitting with nobackrest (e.g. [3] , [8] ), when sitting with a reclined backrest [4] , when standing [10] , and when supine [11] . It has been reported that the influence of vibration magnitude on the resonance frequency is less when sitting in a car driving posture than when sitting with no backrest support [12] . Inter-subject variability in apparent mass has been reported to be greatest at low magnitudes of vibration, with most variability when supported by a backrest or leaning forward with no backrest, and least variability when sitting upright, either with no backrest or supported by a foam backrest [13] .
Ranges of 'idealized values' of vertical apparent mass of the human body are presented in ISO 5982 [2] . The values were compiled from measurements in conditions assumed to be broadly comparable. Reference values are offered for three groups of body weight (55, 75, 90 kg), with other physical characteristics (e.g. age, gender and stature) not considered. The reference values were derived from either the apparent mass or the mechanical impedance of subjects measured while sitting without the support of a backrest and while exposed to vibration at magnitudes up to 5 ms -2 r.m.s. The applicability of the idealised values provided in ISO 5982 to the drivers and passengers of common vehicles is unknown.
This study was designed to determine the relative strengths of any associations between subject characteristics (gender, age, weight, and anthropometric measurements) and the characteristics of the vertical apparent mass of the human body (especially the resonance frequency and the modulus of the apparent mass at 0.6 Hz, at resonance, and at 12 Hz) when seated with and without a backrest.
Methods and procedures

Apparatus
Vertical vibration was produced using a 1-metre stroke electro-hydraulic vibrator in the which the feet were supported. The feet of each subject were moved forward on the vibrator platform until the thighs were just touching the leading edge of the seat. The signal from the force plate was amplified using a Kistler 5007 charge amplifier. The acceleration of the platform was monitored using an HVLab SIT-pad containing a piezo-resistive accelerometer (Entran EGCSY-240D-10; Entran, Potterspury, UK).
Vibration
Gaussian random vibration (band-limited using 8-pole Butterworth filters between 0.125 and 25 Hz) with approximately flat constant bandwidth acceleration spectra were generated and analysed using an HVLab data acquisition and analysis system (version 3.81; University of Southampton, UK). Different random signals were generated for each subject. The measured force and acceleration were acquired at 400 samples per second via 167 Hz anti-aliasing filters.
Conditions
The apparent mass of each subject was measured with four backrest conditions: (i) sitting upright with no backrest;
(ii) sitting upright with a rigid backrest; (iii) sitting with a rigid backrest reclined to 15; (iv) sitting with a foam backrest reclined to 15.
The apparent mass was measured at three magnitudes of vibration (0.5, 1.0, and 1.5 ms -2 r.m.s.) in conditions (i) and (iii), and at only one magnitude (1.0 ms -2 r.m.s.) in conditions (ii) and (iv). Each exposure to vibration was 60 s in duration.
The foam squab attached to the backrest in condition (iv) had a uniform thickness of 100 mm. A spacer was placed behind the rigid backrest in conditions (ii) and (iii) so that the length of thigh contact with the seat was similar to that in the other two postures. Using a SIT-bar shaped indenter with a 100-N preload, the 100-mm foam was measured to have a stiffness of approximately 21 kN/m and damping of approximately 109 Ns/m at frequencies between 2 and 20 Hz.
Subjects
The group of 80 adult subjects participating in the experiment was chosen to be representative of the UK car driving population (Table 1 ; [14, 15] ). The subjects were exposed to all conditions in a single session lasting approximately 60 minutes. For each subject the order of presentation of conditions was randomized. Subjects wore a loose fitting lap belt and had access to an emergency stop button. Subjects gave informed consent to participate in the experiment that was approved by the Human Experimentation, Safety and Ethics Committee of the Institute of Sound and Vibration Research at the University of Southampton.
TABLE 1 AROUND HERE
Analysis
Transfer functions were calculated between the vertical seat acceleration and the vertical force at the seat surface, to give the apparent masses of the subjects. Apparent mass was calculated using the cross-spectral density (CSD) technique with a frequency resolution of 0.195 Hz. The apparent mass was calculated from the ratio of the cross-spectral density between the force and acceleration at the seat, to the power spectral density of the acceleration at the seat.
Prior to the calculation of the apparent mass, mass cancellation of the mass of the top platform of the force-plate (33.0 kg) was performed in the time domain to remove its influence from the measured force: the acceleration time-history on the seat surface was multiplied by the mass of the force platform and subtracted from the measured force. The coherency between the force and acceleration was calculated after mass cancellation and found to be greater than 0.9 over the frequency range 0.20 to 30 Hz. At frequencies greater than 30 Hz the coherency tended to decrease but was generally greater than 0.8.
The apparent mass at the primary resonance frequency was assumed to be the greatest apparent mass over the measurement range (0.6 to 20 Hz). The primary resonance frequency was defined as the frequency at which the apparent mass was greatest.
Statistical analysis
Parametric statistics were used throughout the analysis. The paired samples t-test was used to compare features of the apparent mass between conditions (i.e. between backrests and magnitudes). The independent samples t-test was used to compare features of the apparent mass between subjects grouped by their characteristics (i.e. size, age, gender). The standard deviation was used to quantify variability in features of the apparent mass. Variability in apparent mass between conditions was tested using Levene's test of equality of variance.
Linear regression was used to identify predictors of the apparent mass. Initially, the associations between each characteristic of the subjects and the features of the apparent mass were separately analysed by ordinary least squares regression. Then, for each test condition (i.e. for each combination of backrest and vibration magnitude) significant predictors drawn from the physical characteristics were selected for the final regression model using the PASW stepwise procedure (PASW statistics, version 17.0). A significance level of 0.05 was used to enter and retain a variable in the model. Variables significantly associated with each dynamic characteristic for any test condition, together with age and gender, were then entered simultaneously into regression models. Quadratic terms of each of the significant variables were added in turn to the final regression models; in all instances F-tests showed that assuming a linear effect did not compromise goodness of fit (p>0.1). Differences in the regression coefficients, B, between pairs of conditions (e.g. c1, c2) were tested using the null hypothesis Ho: Bc1=Bc2. For each independent variable in the model, x, first a dummy variable, z, was created coded 1 for c1 and 0 for c2, as well as a variable zx that was the product of z and the independent variable. Variables x, z, and zx were then used as predictors in the regression equation. The interaction term, zx, tested the null hypothesis Ho: Bc1=Bc2, significance (p<0.05), indicating that the regression coefficient Bc1 was significantly different from Bc2.
Beta coefficients were calculated by multiplying each of the regression coefficients (B) in the multiple regression models by its standard deviation and dividing by the standard deviation of the dependent variable. Thus, a change of 1.0 standard deviations in the predictor variable results in a change of 1.0 standard deviations in the criterion variable.
Results
Inter subject variability
When subjects sat upright with no backrest, the frequency of the main resonance in the 80 subjects varied between 3.5 Hz and 6.4 Hz, with the mean resonance frequency around 4.9 Hz ( Figure 1 and Table 2 ). At very low frequencies, the apparent mass tends toward the static mass supported on the platform, so inter-subject variability in the modulus of the apparent mass at low frequencies was reduced by normalisation (i.e. dividing the apparent mass of each subject by their static mass supported on the seat, assumed to be the apparent mass measured at 0.6 Hz) ( Figure 1 ). To test for the effects of normalisation, the apparent mass of each subject at resonance and at 12 Hz was rationalized (divided by the mean response of the subject group at these frequencies), for both the measured apparent mass and the normalized apparent mass. At resonance, the rationalized standard deviation was significantly reduced by normalisation (from 0.255 to 0.105; p<0.001, Levene), but at 12 Hz the standard deviation was not significantly reduced by normalisation (from 0.236 to 0.217; p=0.534).
FIGURE 1 AND TABLE 2 AROUND HERE
Effects of backrest
The mean resonance frequency increased from 4.9 Hz to 5.2 Hz when subjects made contact with an upright rigid backrest (p<0.001), with a decrease in the apparent mass at resonance (p<0.001) and at 0.6 Hz (p<0.001) ( Table 2 ). When this rigid backrest was reclined, the resonance frequency increased further to 5.9 Hz (p<0.001), and the apparent mass at frequencies less than the resonance frequency decreased (p<0.001 at 0.6 Hz). The mean resonance frequency with the reclined foam backrest was not significantly different from the resonance frequency without a backrest (p=0.762), but the apparent mass at resonance and at 0.6 Hz was lower (p<0.001).
The means and standard deviations of the apparent mass with each backrest condition are shown in Figure 2 and Table 2 . Inter-subject variability in the resonance frequencies, the apparent masses at resonance, at 0.6 Hz, and at 12 Hz was compared between the backrest conditions. No significant differences in inter-subject variability were found in the apparent mass at resonance, at 0.6 Hz, or at 12 Hz between the four postures (in all cases p>0.39). There was greater variability in the resonance frequencies with the reclined rigid backrest than without a backrest (p=0.004) and with the reclined foam backrest (p=0.010).
FIGURE 2 AROUND HERE
Effects of magnitude
When there was no backrest, the mean resonance frequency decreased by 0. At each vibration magnitude, the variability between the resonance frequencies of subjects was less without the backrest than with the reclined rigid backrest (in all cases p<0.01). Without a backrest, and with the rigid reclined backrest, the vibration magnitude did not affect the intersubject variability in resonance frequency (p>0.1) (Figure 3 ). The variability in the apparent mass at resonance, at 0.6 Hz, and at 12 Hz was also not significantly affected by the vibration magnitude (p>0.3) FIGURE 3 AROUND HERE.
Effects of subject physical characteristics
The 80 subjects were divided into various series of four equal groups according to subject weight, age, stature, and BMI, and the two genders. The means and standard deviations of the resonance frequency and the apparent mass at resonance, at 0.6 Hz, and at 12 Hz were calculated for each group (Table 3) .
TABLE 3 AROUND HERE
Without the backrest, at both the resonance frequency and at 12 Hz there were significant differences in the apparent mass between all pairings of weight groups (p<0.01). However, after normalisation, there were no significant differences between the normalised apparent masses at resonance for the three lightest weight groups (p>0.08), although the mean normalised apparent mass at resonance of the heaviest group was significantly greater than that of each of these three lighter groups (p<0.028) (Figure 4 ). The only significant pairings at 12 Hz were between Groups 1 and 3 (p=0.039), and between Groups 2 and 3 (p=0.024). There were no significant differences between weight groups in the phase response at 5 Hz or 12 Hz (p>0.2).
FIGURE 4 AROUND HERE
Relative to the large and systematic effects of subject mass, the effects of age, gender, stature, and BMI on the apparent masses of the subject groups were small (Table 3) . Stature, gender and BMI were highly correlated with body weight (p<0.001, Pearson correlation) but age was not (p=0.21). Some of the apparent variability in Table 3 may be associated with variations in subject mass within the stature, BMI, and gender groups. However, the normalised apparent masses show only small differences in apparent mass associated with age, stature, BMI, and gender ( Figure 5 ).
FIGURE 5 AROUND HERE
Bivariate regression analysis
Bivariate regression analysis for the condition with no backrest (Table 4) showed that an increase in age of 10 years was associated with an increase of 0.27 Hz in the resonance frequency (Table 4 ; regression coefficient, B=0.027 Hz.year ) (p=0.017, p=0.037 respectively). Log transformations of BMI and age were used to explore and correct any effects of skews in their distributions. Regression analyses using, initially, age, gender and BMI, and subsequently log(age), gender, and log(BMI), as predictors of resonance frequency were found to produce almost identical results in terms of the statistical strength of associations. However, by retaining the age and BMI variables in their original units the interpretation of the results is made easier. The apparent mass at resonance, at 0.6 Hz, and at 12 Hz was strongly associated with subject weight, with apparent mass increasing at a rate greater than the increase in subject weight at resonance (B= 1.35 to 1.58), slightly less than subject weight at 0.6 Hz (B=0.74 to 0.87), and much less than subject weight at 12 Hz (B= 0.27 to 0.35) (p<0.001). The apparent mass at 12 Hz was positively associated with age without the backrest, and with the upright foam and reclined foam backrests, but not with the reclined rigid backrest. After adjusting for age and body mass index, males had higher resonance frequencies than females with the reclined rigid backrest at 1.0 ms -2 r.m.s (B=0.57 Hz, p<0.001, Table 6 ). With the reclined rigid backrest, the apparent mass was greater for males than females at 0.6 Hz and at 12 Hz (p=0.047, p=0.042, respectively).
For each backrest condition, the R 2 values indicate that the models accounted for more of the variability in the modulus of the apparent mass than the variability in the resonance frequency.
TABLE 5 AND 6 AROUND HERE
In contrast to the strong effect of weight on the measured apparent mass at resonance, weight was not significantly associated with the normalised apparent mass at resonance with any backrest condition (in all cases, p>0.08; see Table 7 ). The only significant associations with normalised apparent mass at resonance were gender (greater in males; p=0.004) and kneeheight (greater with increased knee height; p=0.008), both when seated with the reclined rigid backrest. When there was no backrest, the normalised apparent mass at 12 Hz was positively associated with age (p=0.024) and greater for males (p=0.046). With the reclined rigid backrest, the normalised apparent mass at 12 Hz was also greater for males (p=0.01), and positively associated with weight (p=0.044), but negatively associated with stature (p=0.009) and BMI (p=0.016). With the reclined foam backrest, the normalised apparent mass at 12 Hz was positively associated with age (p=0.004). There were no associations between subject characteristics and the normalised apparent mass at 12 Hz when seated with the upright rigid backrest. For all backrest conditions, the R 2 values indicate that subject characteristics explain less of the variability in the normalised apparent mass at resonance and at 12 Hz than they explain in the apparent mass before normalisation (compare Tables 5 and 7 ).
TABLE 7 AROUND HERE
Without a backrest, and with the reclined rigid backrest, the magnitude of vibration had no significant effect on the associations between the resonance frequency and either age, gender or BMI (in all cases, p>0.10) (Table 6 ). Similarly, there was no evidence of any change in the associations between the apparent mass at 0.6 Hz, at resonance, and at 12 Hz and weight, age, and gender with a change in vibration magnitude (in all cases, p>0.49). The reduction in the resonance frequency when the vibration magnitude increased from 0.5 to 1.5 ms -2 r.m.s.
was calculated as a measure of the non-linearity of each subject, but there were no associations between this measure and any of the subject characteristics when there was no backrest (p>0.1; stepwise multiple regression analysis). With the reclined rigid backrest, the decrease in the resonance frequency with increased magnitude of vibration was 0.27 Hz greater for the males than for the females (p=0.012), with other characteristics having no significant effect on this measure of non-linearity (p>0.1).
Discussion
Predictors of the magnitude of the apparent mass
Standardized regression coefficients (beta coefficients) were calculated to show the relative contribution of the significant predictors of the apparent mass with each backrest condition (Table 8) . Body weight was much the strongest predictor of the apparent mass at 0.6 Hz, at resonance, and at 12 Hz, with other factors having only marginal effects. The stronger effect of body weight can be seen in the normalised apparent masses of the subjects when they are grouped by body weight, stature, BMI, and gender (compare Figures 4 and 5) .
TABLE 8 AROUND HERE
Predictors of resonance frequency
The sitting condition influenced whether subject age, body mass index, or gender was associated with the principal resonance frequency in the apparent mass. In all postures, the resonance frequency increased with increasing age, and in all three conditions with a backrest the resonance frequency reduced with increasing body mass index. With the reclined rigid backrest, the resonance frequency was greater in the males (Table 8 ).
The regression coefficients for the association between age and resonance frequency were similar with all backrest conditions: over the 18 to 65 year age range of this study there was a mean increase of 1.1 Hz (reclined rigid backrest with 0.5 ms -2 r.m.s.; Table 6 ) to 1.7 Hz (reclined foam backrest with 1.0 ms -2 r.m.s.; Table 5 ). The addition of an age 2 term to the regression analysis suggested the rate of 'stiffening' increased with increasing age, although this term did not significantly improve the overall fit of the model (in all cases, p>0.2).
In conditions with a backrest, increased body mass index (from 18 to 34 kgm r.m.s.). Since body mass index is associated with percentage body fat (e.g., [16] ), the decreased resonance frequency may be caused by subjects with higher BMI having reduced coupling with the backrest, reducing the effective stiffness of the body measured at the seat surface, similar to the effects of increased thickness of foam with a reclined backrest [9] .
When weight and height were added to the stepwise multiple regression models (in addition to BMI) they were not found to be significant predictors of the resonance frequency. This suggests that body mass index was a better predictor of resonance frequency than either stature or body Females tended to have lower resonance frequencies than males after controlling for other factors, but the effect of gender on resonance frequency was only statistically significant with the reclined rigid backrest, where the mean difference was 0.57 Hz (Table 5 ). In contrast to this study, Lundström et al. [7] claimed a slightly lower absorbed power resonance frequency in females than in males when sitting upright with no backrest. The apparent difference may be due to the influence of confounding variables (e.g. age and BMI) whose effects have not been controlled in the statistical analysis of earlier studies.
Other factors influencing apparent mass
The R 2 values in the multiple regression analysis indicate the proportion of the variability in apparent mass accounted for by the predictors in the models. Between 19.5% and 38.9% of the variability in the apparent mass at resonance, and between 48.5% and 75.3% of the variability in resonance frequency was not explained by the models (Tables 5 and 6 ). This suggests other postural and anthropometric factors influenced the apparent masses of the subjects. They were asked to maintain a 'normal sitting posture' during the experiment but there will have been variations in posture between subjects. In addition, there will have been variations in subject build (e.g. distribution and proportion of muscle and fat) not fully reflected in their BMI, as well as changes in muscle tension.
Inter-subject variability in the principal resonance
The reduction in inter-subject variability in the apparent mass at resonance by normalising with respect to sitting weight is consistent with previous observations (e.g., [3] ).
The reduction in the resonance frequency of the body as the magnitude of vibration increased was similar to previous findings (e.g. with subjects sitting with no backrest, [17] ; with subjects supported by a reclined rigid backrest, [6] ). The only subject characteristic affecting the nonlinearity was gender, where the reduction in resonance frequency with increased vibration magnitude was significantly less with females than males seated with the reclined rigid backrest. This difference in non-linearity between the genders may have been caused by effects of anatomical differences being more pronounced when supported by the reclined rigid backrest, consistent with the BMI affecting the resonance frequency in this posture (Table 5 ).
Implications of the results
The increase of 1.7 Hz in the resonance frequency with increasing age (from 18 to 65 years) was greater than the increase in the resonance frequency from no backrest to reclined rigid backrest (0.9 Hz) and greater than the maximum reduction in the resonance frequency associated with increasing the vibration magnitude from 0.5 to 1.5 ms Table 2 ).
The BMI and gender were also significant predictors of the resonance frequency, particularly with a reclined rigid backrest (Table 5) . In some applications, such as when the apparent mass is being used to optimise a seat targeted at a specific population, the effects of age, BMI and gender might be sufficiently large for their effects to be taken into consideration.
Reference values of apparent mass are defined in ISO 5982 [2] for the 50 th percentile seated human body, with no allowance for the effects of either the magnitude of vibration or contact with a backrest. Alternative reference values for apparent mass have been proposed taking into account: contact with a reclined rigid backrest, holding a steering wheel, input magnitude [4] and subject weight [5] . However, the small differences between the modulus and phase of the normalised apparent mass between subject groups in the present study, and the absence of any association between subject weight and normalised apparent mass at resonance ( Table 7 ), suggests that reference values for apparent mass might be sufficiently defined by using the normalised apparent mass multiplied by the sitting weight of the target population.
The effects of subject characteristics on seat transmissibility are not yet well understood and so characteristics in addition to those affecting the apparent mass of the body may influence seat transmissibility, and some factors that influence the apparent mass may have little effect on seat transmissibility. Further investigation is required to understand the influence of subject characteristics on the vibration transmitted through seats.
Conclusions
Of the physical characteristics of subjects investigated in this study, subject mass had the greatest effect on the apparent mass at 0.6 Hz, at resonance, and at 12 Hz. Subject age, body mass index, and gender were associated with the principal resonance frequency in the apparent mass. There was a mean increase of 1.7 Hz in the resonance frequency as age increased from 18 to 65 years. As body mass index increased from 18 to 34 kgm -2 , the resonance frequency decreased by 1.7 Hz. These changes were greater than the increase in resonance frequency between no backrest and a reclined rigid backrest (0.9 Hz), and also greater than the reduction in resonance frequency when increasing the magnitude of vibration from 0.5 to 1.5 ms -2 r.m.s.
(1.0 Hz). It seems appropriate to consider the effects of age, BMI, and weight when defining reference values for the vertical apparent mass of the human body.
The variability in apparent mass between subjects at resonance was reduced when the effect of static weight was removed by normalisation (i.e. dividing the modulus of the apparent mass by the subject sitting weight), suggesting the required apparent mass may be obtained by multiplying the appropriate normalised apparent mass by the sitting weight of the target population. : percentage of experimental variation accounted for by the model. *p < 0.05, **p < 0.01, ***p < 0.001. Table 6 Multiple regression analysis showing the effect of excitation magnitude on the influence of significant subject physical characteristics (as well as age and gender) on features of their apparent mass. See Table 5 
